Streamflow simulation is often challenging in mountainous watersheds because of incomplete hydrological models, irregular topography, immeasurable snowpack or glacier, and low data resolution. In this study, a semi-distributed conceptual hydrological model (SWAT-Soil Water Assessment Tool) coupled with a glacier melting algorithm was applied to investigate the sensitivity of streamflow to climatic and glacial changes in the upstream Heihe River Basin. The glacier mass balance was calculated at daily time-step using a distributed temperature-index melting and accumulation algorithm embedded in the SWAT model. Specifically, the model was calibrated and validated using daily streamflow data measured at Yingluoxia Hydrological Station and decadal ice volume changes derived from survey maps and remote sensing images between 1960 and 2010. This study highlights the effects of glacier melting on streamflow and their future changes in the mountainous watersheds. We simulate the contribution of glacier melting to streamflow change under different scenarios of climate changes in terms of temperature and precipitation dynamics. The rising temperature positively contributed to streamflow due to the increase of snowmelt and glacier melting. The rising precipitation directly contributes to streamflow and it contributed more to streamflow than the rising temperature. The results show that glacial meltwater has contributed about 3.25 billion m 3 to streamflow during 1960-2010. However, the depth of runoff within the watershed increased by about 2.3 mm due to the release of water from glacial storage to supply the intensified evapotranspiration and infiltration. The simulation results indicate that the glacier made about 8.9% contribution to streamflow in 2010. The research approach used in this study is feasible to estimate the glacial contribution to streamflow in other similar mountainous watersheds elsewhere.
Introduction
The hydrological processes of mountainous watersheds are altered by climate change, but the influencing extent is unclear yet (Akhtar et al., 2008; Immerzeel et al., 2014) . Runoff from snow and glacier melting is the main water resource in the mountainous watersheds, contributing to about 30-50% of the total water discharge in some arid regions (Viviroli and Weingartner, 2004; Yin et al., 2014) . Monitoring of glacier variation, analyzing their response to climate change, and estimating and predicting of streamflow variation due to glacier variation are of highly scientific and practical significance. Water resources in glacier-fed watersheds will diminish due to climate change and significantly affect the social-economic development in the entire basin (Hagg et al., 2007; Luo et al., 2013) . Large-scale simulation of mountainous hydrology is the most feasible of estimating the impacts of potential climate change and glacier melting on the water resource (Fontaine et al., 2002) . At mountainous watersheds, melting and runoff generation process, water yield and its spatiotemporal distribution, and contribution of glacier to streamflow are the key issues to be addressed (Luo et al., 2013) , and simulation of the long-term effects of the glacier melting is crucially important. However, the streamflow simulation research is often challenging for the complex hydrological processes and poor climate data resolution in the mountainous watersheds (Hock, 2003; Howells et al., 2013) .
Climate change will substantially alter the streamflow characteristics and lead to drastic glacier melting or complete wastage of glacier during the next decades (Huss et al., 2008b; Thorsteinsson et al., 2013) . On one hand, changes in the precipitation amount will affect the runoff volume and particularly the maximum snow accumulation, which usually occurs between the late winter and the early melt season. On the other hand, the temperature changes mostly influence the timing of runoff (Barnett et al., 2005) . Model simulation is an effective tool for analyzing the contributions of climate change and glacier melting to runoff variation (Luo et al., 2013) . Specially, the long-term runoff was forecasted by the climate model, but the physical processes, such as snow or glacier melting, have been rarely studied (Beniston, 2012) . The hydrologic component of Soil and Water Assessment Tool (SWAT) has been tested widely in some watersheds where streamflow is mainly generated from rainfall events (Arnold et al., 1999; Castillo et al., 2014; Nie et al., 2011; Wang and Melesse, 2005; Zang et al., 2012) . Some studies were conducted to test and improve the SWAT snowmelt algorithm for streamflow simulation related to the impact of climate variations in mountainous watersheds (Debele et al., 2010; Fontaine et al., 2002; Liew and Garbrecht, 2003; Zeng et al., 2012) . However, long-term effects of glacier melting and snow melting on hydrological process in mountainous watersheds is underexplored, and to date a constructive and reliable module on glacier melting in SWAT is also under development and needs further parameterization.
In this paper, we explored the glacier variation and its effects on streamflow, and investigated the change in the amount of glacial water in the context of global warming given its crucial role as the main water resource in Northwest China (Liu et al., 1999) . Previous studies concluded that the total glacier melting area is up to 138.9 km 2 in the upstream Heihe River Basin in Northwest China during the summer time from 1960 to 2010 (Wang et al., 2009) , and recent warming trends in the Heihe River Basin are accompanied by increasing trends of streamflow (Akiyama et al., 2007; Li et al., 2009) . After the initial shift from a positive or neutral mass balance to a negative one, the amount of melt water will increase due to the earlier disappearance of high-albedo snow, the exposure of lower-albedo snowpack and/or ice and the increased energy inputs (Singh and Kumar, 1997) . In some sense, it is not only a challenge but also a chance to build a model based on climate change and the dynamics of glacier melting to investigate the sensitivity of streamflow to climatic and glacial changes in the upstream Heihe River Basin.
Study area
The Heihe River Basin is located in a typical arid region of Northwest China that suffers from serious water scarcity. The Heihe River Basin is divided into the upper, middle and lower reaches, which differ significantly in natural and socioeconomic characteristics. For example, the average annual precipitation is 200-500 mm, less than 200 mm, and less than 50 mm in the three reaches respectively, while the annual evaporation ranges from 700 mm in the upper reach to more than 3000 mm in the lower reach (Feng et al., 2001; Zang et al., 2013) . The geography varied greatly in Heihe River Basin, with the average altitude over 1200 m. The ecosystem patterns range from alpine ecosystems on the south Qilian Mountain in the upstream, to the oases at the Hexi Corridor in midstream basin, and to the deserts in the north downstream basin (Li et al., 2009; Wang et al., 2009) .
In this study, the upstream Heihe River Basin is selected as the study area, where the elevation ranges from 2000 m at the lower point to about 5500 m at the headwaters (Fig. 1) . The south Qilian Mountains with remarkably vertical zonality is the water source area, where the ecosystem patterns ranging from low to high altitude include dry shrubbery grassland, forest grassland, sub-alpine shrubbery meadow, alpine cold-and-desert meadow, and alpine permafrost-snow-ice (Yin et al., 2014) . The annual mean precipitation increases from about 200 mm in the low-mountain/hill zone to about 500 mm in the high-mountain zone. The main soil types in the watershed are alpine meadow soil, alpine steppe soil, frigid desert soil, gray cinnamonic soil and gray-brown desert soil. The glacier melting mainly occurs in the east part of the upstream area, and the glaciers in the middle and west parts of Qilian Mountains had stabilized due to continuous temperature reduction and concurrent precipitation increase since the 1960s (Liu et al., 1999) .
Methods
SWAT is a semi-distributed hydrological model based on geography and natural hydrologic processes at watershed scale. SWAT subdivides an entire watershed into sub-watersheds connected with a river network and into smaller units called Hydrological Response Units (HRUs). Each HRU represents a combination of land use, soil and slope, and all HRUs are assumed to be non-spatially distributed with no interaction or dependency (Neitsch et al., 2005) . SWAT has been successfully applied worldwide to solve many environmental issues in water quality and quantity studies (Pradhanang et al., 2011; Varanou et al., 2002) . Major model components of SWAT include weather, hydrology, soil temperature and properties, plant nutrients and growth, pesticides, bacteria and land management (Neitsch et al., 2005) . The meteorological variables in SWAT include precipitation, temperature, wind speed, solar radiation, and relative humidity in daily or sub-daily time steps. The hydrological routine of SWAT actually and potentially consists of discharge, snow melting, and evapotranspiration. In this study, the processes related to glacier melting in mountainous watersheds were addressed, and the snowmelt runoff is the source of water resource replenishment in the spring. Therefore, we introduced the snowmelt process and a glacier melting module to the classic SWAT model, and formulated the relationship between glacier melting and temperature. Data used in this study are presented in Table 1 .
Simulation of glacier mass balance
Research on the long-term streamflow simulation in glacier-fed watersheds must take into account the changes in ice volume. Glacier runoff was calculated as follows. First, we assumed typical mass balance gradients for alpine glaciers to be À0.009a À1 for the ablation and À0.005a
À1 for the accumulation area (Huss et al., 2008a) , and we then derived the mass balance distribution using a Digital Elevation Model (DEM). The area-averaged mass balance of the glacier surface was set to be 0. Second, a balanced ice flux was defined as the sum-up of the ice volume gain and loss during a year at intervals of 300 m. Third, an ice flow law in an integrated form (Glen, 1955) was solved for the ice thickness h on the central flow-line.
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where q (m 2 s À1 ) is the ice flux normalized with glacier width, g is the acceleration of gravity, A is the rate factor of the ice flow law (Glen, 1955) , S f is a factor accounting for the valley shape (Nye, 1965) , q is the ice density, and a is the slope of the glacier surface. A is calibrated to optimize agreement with the radio-echo sounding profiles. We set A = 6 Â 10 À15 s À1 kPa À3 which is consistent with a previous study (Huss et al., 2008b) . S f = 0.6 is cited from a literature (Nye, 1965) , and a is equal to the mean slope along the flow-line. Finally, the spatially distributed values of h were connected by accounting for the local surface slope at every grid cell and by assuming h$ (sin a)
. This proportionality presents the redistribution of ice along the cross-flow section. The selected proportionality factor guarantees that the previous total ice volume is unchanged. Surface melt rate M gla is computed as follows:
where F M is a melt factor; r rice/snow is radiation factor between ice and snow; I is the clear-sky direct radiation. T B is the band-averaged temperature (°C). The site-specific parameters F M and r rice/snow is further calibrated by direct observations.
where f is ratio for melt water refreezing; M gla is melt rate of glacier in given day(mm H 2 O); S is sublimation rate of glacier in given day(mm H 2 O); F is glacier accumulation rate in given day(mm H 2 O), and t is the time step in day. Therefore, the depth of water equivalent of glacier mass is expressed as:
where q i is the bulk density of ice, usually, 0.9 kg m À3 . To capture the seasonal and gradual pattern of the accumulation, we develop an algorithm to account for the accumulation of glacier mass. Turnover of snow to ice is assumed as a ration of water equivalent of snow over ice given as below:
where SNO is the water content of snowpack over ice on day i (mm H 2 O), b is an accumulation coefficient which is assumed to be changing seasonally and given as follows (Luo et al., 2013) :
where b 0 is a basal accumulation coefficient.
Snowmelt routing algorithm
Upon the occurrence, snowfall is deposited on the ground in the form of snow cover or snowpack. The SWAT model sets a threshold temperature to determine snow accumulation. If the daily mean air temperature is below this threshold, the precipitation within an HRU will be modeled as snow, and otherwise as rainfall. When snowfall occurs, its water equivalent will be added to the snowpack. In the model, the snowpack is intensified as snowfall proceeds, and is weakened as the snow melts. The mass balance of snowpack is computed as follows (Neitsch et al., 2005) :
where SNO i is the water content of snowpack on day i (mm H 2 O), SNO iÀ1 is that on day iÀ1 (mm H 2 O), R day is the precipitation amount on a given day (added only if the average daily temperature (Neitsch et al., 2005) .
Snowpack temperature
The distribution of snowpack is not uniform across a given area due to topographical variation and many other factors. Some areas of the watershed may be covered by thick snow, while other areas are free of snow. When conducting the simulation of streamflow, such regions need to be given specific handling so as to accurately calculate the snowmelt. In this study, a depletion curve expresses the seasonal growth and decay of snowpack as a function of the amount of present snow in the basin. This curve is based on natural logarithm (Neitsch et al., 2005) . The snowpack temperature on the current day is calculated as follows:
where T snow ðiÞ is the snowpack temperature on a given day (°C), T snow ði À 1Þ is that on the previous day (°C). l sno is the snow temperature lag factor, and Tav is the mean air temperature on the current day (°C). As l sno approaches 1.0, the mean air temperature on the current day will increasingly influence the snowpack temperature when the snowpack temperature from the previous day exerts increasingly less influence.
Snowmelt process
Temperature index with elevation band approach is used to study the snowmelt process (Hock, 2003) . Snowmelt is determined by the temperatures of atmosphere and snowpack, the melting rate, and the area coverage of snow. The SWAT model regards melted snow as rainfall in the computation of runoff and percolation. Rainfall energy from the fraction of snowmelt is set to be 0 when computing snowmelt, which is estimated under the assumption of uniformly melted snow for 24 h in a day.
Elevation is one major variable related to particular meteorological parameters, such as temperature and snow amount. SWAT allows to split a watershed into a maximum of ten elevation bands, and then to simulate snow cover or snowmelt at each elevation band (Fontaine et al., 2002) . The temperature and precipitation at each band were adjusted accordingly:
where T B is the band-averaged temperature (°C); T, Z and P are the temperature (°C), elevation (m), and precipitation (mm) respectively, which are measured at the weather stations; Z B is the midpoint of band elevation (m); dT/dZ is the temperature lapse rate (°C/m); P B is the band-averaged precipitation (mm), and dP/dZ is the precipitation lapse rate (mm/m). Ten elevation bands were set up for the snow-glacier-dominated watershed with vertically equal distance from the mean elevation of the centroid of the subwatershed. dP/dZ and dT/dZ were set to be 0.5 mm/km and À0.5 (°C/km) following local lapse rate calculation. Therefore, the snowpack temperature (T snow ) and mean daily temperatures were used along with a melt coefficient to calculate the potential volume of melt water. We coupled the glacier melting algorithm to snowmelt process as:
where T m is the snowmelt base temperature, which is the mean air temperature at which snowmelt occurred. The appropriate melt coefficient approximately ranged between 2 and 6 mm/deg. The snowmelt coefficient was calculated as:
where a max is the maximum snowmelt rate during a year. a min is the minimum snowmelt rate during a year.
Model performance evaluation
We followed a standard hydrological model performance criterion and used E ns and R 2 as model evaluation indices in this study.
Model performance was high when E ns > 0.5 and R 2 > 0.8. Here, E ns is the relationship strength between observed value Q o,i and simulated value Q m,i at time t. E ns lies between À1 to +1, which indicates that the model performance is higher when the E ns is closer to +1. The square of Pearson's product moment correlation, R 2 , presents the proportions of total variance of measured data that can be explained by simulated data, which indicates that the model performance is higher when R 2 is closer to 1.
E ns is the Nash-Sutcliffe coefficient, Q o,i is the observed runoff in i years, Q m,i is the simulated runoff in i years, and n is the length of the time series. E ns and R 2 closer to 1 indicate that the model predicts more accurately.
Results

Calibration and validation
We calibrated and validated the SWAT model with the daily observed data in 2009 and 2010 correspondingly from Yingluoxia Hydrological Station, which is an outlet of the upstream area. The coefficients in Eqs. (12) and (13) were determined by eligible evaluation of calibration and validation. The R 2 of calibration and validation reached 0.87 and 0.89 respectively. Modeling performance test (E ns values equals to 0.88 and 0.87 respectively) presents ''very good'' for both of the model calibration and validation (Fig. 2) . Moreover, by comparing the simulation results and observed records from Yingluoxia Hydrological Station, we cannot reject the significance of the parameters of the SWAT model, and consequently the model is shown to be suited to simulate the water balance in the upstream Heihe River Basin. The intervals of the most sensitive parameters were identified, and the most appropriate values are eventually shown in Table 2 . The temperature lapse rate (TLAPS) is the most sensitive parameter since it is directly related to the melting process of snow and glacier. Snow melting occurs mostly from March to June in a subwatershed. The snow melting factor on June 21th was parameterized to be SMFMX, which is the maximum melt rate; any increase of SMFMX drives rapid snow melting. The snow temperature lag factor TIMP is also linked with SMFMX because it is based on the previous situation. Along with TIMP surface water lag time, SURLAG plays an important role in the model performance as a melted snow routing process is related to the geology of the watershed, where the melted water mainly flows to the surface runoff covering the impervious rock formations. SMTMP is sensitive since it indicates the starting and ending of melting and considers the availability of snow melting on a specific day, and the model-simulated streamflow, especially the peak values, is significantly influenced by the variation of SMTMP. Both calibration of the model the validation of the simulation results show that the model performed well in simulating the runoff variation due to glacier melting and climate change in upstream Heihe River Basin.
Changes of glaciers
Changes precipitation and temperature were both seasonally different in alpine during 1960-2010. Precipitation increased in summer and winter and decreased in spring and autumn, and the total annual precipitation increased. Temperature increased in autumn and winter, especially in winter. Temperature decreased slightly in spring and was relatively stable in summer. The annual average temperature increased slowly. The precipitation increased at an annual speed of 1.2%, and increased by 14.84 mm in summer time per decade, but at a much lower rate in winter time. With seasonal variations of precipitation and temperature in Qilian Mountains in the past 50 years, the two crucial variables both increased on the whole.
Glacier changes are inevitable outcomes of climate changes because they are highly related to temperature and precipitation, both of which are crucially important and determine the annual glacier accumulation, especially in winter time. The observation data of weather stations in the study area show that the precipitation increases with elevation when the elevation is lower than 4700 m. For instance, the annual precipitation increases by 16.9 mm/100 m and the summer precipitation increase by 10.9 mm/100 m when the elevation increases (Fig. 3) . The precipitation decreases when the elevation exceeds the threshold of 4700 m, and therefore the increase of precipitation should have contributed to the glacier accumulation.
However, the increasing temperature is lead to more rainfall rather than snowfall, which makes glaciers shrinking, increases the liquid ablation, and finally breaks the water balance. The situation is worsening in the winter because glacier accumulation fails to compensate the summer time loss according to our observed records. Therefore, glacier melting in the study area is accelerating.
The history of glacier changes shows that the threshold elevation of glacier change is up to 4700 m, and melting mainly occurs below this threshold since about 6% of glaciers melted below the threshold and approximate 0.5% of glaciers accumulated above the threshold. The results show about 3.25 km 3 glacial meltwater has contributed to streamflow during 1960-2010.
The effect of glacier on streamflow
Mountainous watersheds possess various geographical characteristics, including mountain glaciers, accumulative snows and frozen soils, which are particularly sensitive to the climate changes. Models about the streamflow's response to climate change in Heihe River Basin revealed that precipitation is the most important factor influencing streamflow. We compared the values simulated with SWAT model and the SWAT model coupled with the glacier melting algorithm, and found that the glacier made about 8.9% contribution to streamflow in 2010. Especially, streamflow increased at the highest rate of 0.27 Â 10 8 m 3 in spring, which was equivalent to 0.96% of total streamflow per year. The remarkable increase of streamflow in spring was probably associated with the increasing glacier melting (Fig. 5) . Generally, the streamflow increased with precipitation rise and decreased with temperature rise. However, with the stable precipitation in this region, the streamflow will increase by 1.6% due to the snow melting and glacier melting at the increase of 1.0°C, and it will decrease by about the same percentage at the decrease of 1.0°C. When we ignored the impacts of glacier melting on streamflow, we found the runoff depth increased by 12.3 mm if the temperature was stable and the precipitation increased by 10%, and the runoff depth decreased by 2.32 mm if the temperature increased by 3°C and the precipitation was unchanged (Table 3) . Therefore, the rising temperature in spring and summer positively contributed to streamflow due to the increase of snowmelt, glacier ablation and annual precipitation. As the temperature and precipitation gradually increase, the streamflow in Heihe mountain area is increasing marginally after a counterbalance of evapotranspiration and infiltration loss. The model-simulated runoff better matches with the observed runoff. However, an initial increase in glacier runoff cannot be sustained because glacier recession will lead to sufficient decrease of glacier area and eventually to decrease in melt-water volumes in the long term.
Water balance component
The SWAT model shows that the spatial distribution of water balance includes rainfall, glaciers melting, and streamflow from sub-watersheds. The SWAT-simulated water yield consists of three components: surface runoff, lateral flow, and shallow groundwater runoff. Among them, lateral flow contributes most to the mountainous runoff, reaching about 54.5%, which exceeds the total contribution of the other two components. Streamflow in the east part of Heihe River Basin was more intensive than that in the west part, and more glaciers are distributed in the east part. Thus, the assumption that the glacier melting changes the streamflow cannot be rejected in this study area.
The water balance results in 2010 are presented in Fig. 4 . The results suggest that the precipitation in sub-watersheds of the upstream area ranged from 240 mm to 760 mm, while the potential evapotranspiration was about two times of the precipitation, and it is higher in the east part (with more forest cover) than in the west part (with higher surface albedo of glaciers). However, the actual evapotranspiration in the west part is slightly lower than the precipitation, within 150-300 (mm H 2 O). In addition, the simulation results of glacier melting show that the precipitation was within 200-500 (mm H 2 O) in a spatial pattern of ''higher in the west and lower in the east''. Water yield is about 30-120 (mm H 2 O) after the deduction of evapotranspiration, soil infiltration and tributary streamflow, and the increase of streamflow within 0.5-4 (mm H 2 O) is attributed to glacier melting. This study is constrained with the availability of spatial-explicit high resolution meteorology, topography, and vegetation data, which leads to some statistical bias in the simulation of streamflow in mountainous watersheds. Meanwhile, the glacier melting/snowmelt accumulations of ice/snowpack are superimposed and weak in verification given that lack of the supportive field data. This leave rooms for the further study on the energy balance process of glacier melting by including topographic factors and energy balance. In spite of these limitations, the enhanced SWAT model presented here is shown to be effective in simulating the glacier melting and could be extended to do simulation in other glacierfed watersheds.
Conclusions
In this study, we present an approach to investigate the contribution of glacier melting and climate change to streamflow by coupling the SWAT model with a glacier melting algorithm. We examine the performance of the improved SWAT model in the upstream Heihe River Basin where topography is complex and the runoff is influenced by snowfall, glacier and climate change. This is the first attempt for predicting future streamflow in the upstream Heihe River Basin. The approach is proved to be effective in simulating glacier melting to describe streamflow changes influenced by climate changes. Technically, calibration is performed using the automatic SWAT-CUP tool. The simulated streamflow better matches with our observed records. The analysis of water balance shows that the glacier melting influences the marginal changes of streamflow, infiltration and evapotranspiration. The model performance is statistically improved by using the elevation band approach, and thus this approach is highly recommended to be applied in those similar mountainous watersheds.
The simulation results indicate that the glacier melting made about 8.9% contribution to streamflow in 2010. However, such increasing trend of glacier runoff would not sustain since the glacier recession will sufficiently decrease glacier area and thus reduce the melt-water volume in the long run. Our study reveals that alpine glacier of the upstream area is significantly unbalanced in the regional water resource under the current climatic condition, and the glacier would disappear in upstream Heihe River Basin over the next 40 years, as further might make the Heihe River Basin face severer water scarcity in the future. The average snowline will rise by 100 m at each degree of warming, and the glaciers will also retreat. The results also indicate that the streamflow increased with precipitation rise, and decreased with temperature rise, without considering the contribution of glacier. The elevation around 4700 m is the threshold of the glacier change, below which, there will be likely less glacier. Meanwhile, the 4700 m elevation is also the tipping point of precipitation change.
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